Xenotransplantation of porcine organs carries the risk of reactivation of latent virus in donor and recipient tissues as well as transmission of viruses between species. We have investigated the activation of baboon cytomegalovirus (BCMV) and porcine CMV (PCMV) in a pig-to-primate model of xenotransplantation. Tissues originating from a series of six swine-to-baboon composite thymokidney xenotransplants were investigated. Four immunosuppressed baboons died (survival range, 7 to 27 days) with the graft in situ. Increases in BCMV DNA copy numbers occurred in three (75%) of these baboons and was thought to be responsible for pneumonitis and the death of one animal. In two baboons, disseminated intravascular coagulation was successfully treated by graftectomy and discontinuation of immunosuppression. PCMV was upregulated in five of six xenografts (83%). PCMV infection was associated with ureteric necrosis in one xenograft. Although significantly increased in native tissues, low levels of BCMV and PCMV were also detected in tissues other than that of the native viral host species. The cross-species presence of CMV did not appear to cause clinical or histological signs of invasive disease. Thus, viral infections with clinical disease were restricted to tissues of the native species of each virus. Intensive immune suppression currently required for xenotransplantation results in a significant risk of reactivation of latent infections by BCMV and PCMV. It is not yet known whether viral DNA detected across species lines represents cellular microchimerism, ongoing viral infection, or uptake of free virus. The observation of graft injury by PCMV demonstrates that CMV will be an important pathogen in immunosuppressed xenograft recipients. Strategies must be developed to exclude CMV from porcine organ donors.
Xenotransplantation of porcine organs carries the risk of reactivation of latent virus in donor and recipient tissues as well as transmission of viruses between species. We have investigated the activation of baboon cytomegalovirus (BCMV) and porcine CMV (PCMV) in a pig-to-primate model of xenotransplantation. Tissues originating from a series of six swine-to-baboon composite thymokidney xenotransplants were investigated. Four immunosuppressed baboons died (survival range, 7 to 27 days) with the graft in situ. Increases in BCMV DNA copy numbers occurred in three (75%) of these baboons and was thought to be responsible for pneumonitis and the death of one animal. In two baboons, disseminated intravascular coagulation was successfully treated by graftectomy and discontinuation of immunosuppression. PCMV was upregulated in five of six xenografts (83%). PCMV infection was associated with ureteric necrosis in one xenograft. Although significantly increased in native tissues, low levels of BCMV and PCMV were also detected in tissues other than that of the native viral host species. The cross-species presence of CMV did not appear to cause clinical or histological signs of invasive disease. Thus, viral infections with clinical disease were restricted to tissues of the native species of each virus. Intensive immune suppression currently required for xenotransplantation results in a significant risk of reactivation of latent infections by BCMV and PCMV. It is not yet known whether viral DNA detected across species lines represents cellular microchimerism, ongoing viral infection, or uptake of free virus. The observation of graft injury by PCMV demonstrates that CMV will be an important pathogen in immunosuppressed xenograft recipients. Strategies must be developed to exclude CMV from porcine organ donors.
Infection is a major problem in transplantation (7) . In particular, cytomegalovirus (CMV) is the most significant posttransplant infection in human allotransplantation. CMV is activated from latency by the allo-immune response and by the immune suppression needed to maintain graft function (7, (17) (18) (19) . CMV is a betaherpesvirus that causes invasive disease and lifelong latent infection in many mammalian species. Xenotransplantation of swine tissues has been proposed to alleviate the shortage of human organs available for allotransplantation. Swine are considered the organ donors of choice for xenotransplantation for reasons of physiological compatibility, breeding characteristics, and ethical considerations (13) .
We have investigated the induction of xenograft tolerance in a pig-to-baboon model based on a previously described pig-tomouse model involving thymectomy, T-cell depletion, and the transplantation of donor thymic tissue (14, 24) . Allotransplant studies of miniature swine have demonstrated that composite thymic tissue-renal allografts with a limited course of immune suppression, thymectomy, and T-cell depletion can induce tolerance across class I and fully-mismatched barriers (23) . However, xenotransplantation in the pig-to-baboon model requires intensive immune suppression. This suppression enhances the risk of reactivation of latent CMV in the baboon recipient as well as in the transplanted porcine organ. Consequently, there may be an enhanced risk of transmission of these viruses between donor and recipient (5) (6) (7) 16) . Techniques which readily distinguish active infection from passive acquisition of virus in vivo are not yet available.
We have developed quantitative molecular assays specific for baboon CMV (BCMV) and porcine CMV (PCMV) to assess the potential for activation of CMV replication and to investigate the potential for interspecies transmission of CMV in this pig-to-baboon model.
MATERIALS AND METHODS
Pig-to-baboon xenotransplantation. Landrace pigs (n ϭ 5; approximate weight on date of transplantation, 40 kg) transgenic for human decay-accelerating factor were provided by Novartis Pharmaceuticals, Inc. (East Hanover, N.J.). One animal served as the donor for two xenografts. Sera of two pig donors (for baboons 69-144 and 69-222) were available for PCMV serologic testing by an immune fluorescence assay, and they demonstrated titers of 1:1,024 and 1:64 (Animal Disease Diagnostic Laboratory, Purdue University, West Lafayette, Ind.). A composite thymokidney graft was created by the autologous transplantation of porcine thymic tissue from the native thymus under the renal capsule (22) . After a period of 1 to 2 months, the thymic tissue developed a new blood supply from renal vessels with normal thymic architecture. These thymokidneys were used for xenotransplantation studies of baboons. Baboons (Papio anubis; n ϭ 6) weighing between 8 and 20 kg were purchased from Biological Resources Foundation (Houston, Tex.). At the time of thymokidney transplantation, all the baboons had additional porcine thymic tissue transplanted into the omentum. In each recipient, one native kidney remained in situ. All baboons used in these studies were BCMV seropositive (Esoterix Inc., San Antonio, Tex.).
Baboons were treated with the immunosuppressive regimen outlined in Table  1 . This regimen is described in detail elsewhere (R. N. Barth et al., unpublished data). In brief, recipients underwent either thymectomy or thymic irradiation (9), splenectomy, T-cell depletion, adsorption of anti-Gal␣1-3Gal (Gal) antibody (12, 21) , complement depletion (11) , and treatment with anti-CD154 monoclonal antibody (2) . T-cell depletion was accomplished by administering combinations of anti-thymocyte globulin (Pharmacia/Upjohn, Peapack, N.J.), murine antihuman CD3 antibody immunotoxin conjugate (FN18-CRM9; kindly provided by D. Neville, National Institutes of Health [NIH], Bethesda, Md.) (10), cyclophosphamide (Mead Johnson Oncology Products, Princeton, N.J.), and LoCD2b (rat anti-primate CD2b monoclonal antibody; BioTransplant Incorporated, Charlestown, Mass.). In all baboons, T-cell depletion was Ͼ90% on the day of transplantation (measured by fluorescence-activated cell sorting analysis of peripheral blood samples) (23) .
Baboons were monitored clinically for graft function and evidence of rejection or infection. Blood chemistry and hematologic parameters were followed daily and surveillance blood cultures for aerobic and anaerobic organisms were taken twice weekly. Animals received prophylaxis with cefazolin sodium for 48 h at the time of surgical procedures and levofloxacin during the posttransplantation course. Antimicrobials were adjusted according to culture results and/or clinical condition. Animals were transfused as necessary with irradiated packed red blood cells, platelets (collected by apheresis), and Gal-depleted fresh frozen plasma from donor baboons.
Care of animals was in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health. Protocols were approved by the Massachusetts General Hospital Subcommittee on Research Animal Care.
Histological examinations. Biopsies of the transplanted porcine tissues were carried out on postoperative day (POD) 15 and at the time of graftectomy or autopsy. Both donor and recipient tissues were biopsied at autopsy. Tissue samples were fixed in 1% formaldehyde solution, embedded in paraffin, and sectioned. Tissues were then stained using hematoxylin and eosin and periodic acid-Schiff. Coded samples were examined by light microscopy by a renal pathologist, and rejection or infection was diagnosed according to a standardized grading system (3).
DNA extraction. Tissue samples were snap frozen at time of biopsy or autopsy. DNA was isolated using the Purgene DNA Isolation Kit (Purgene, Minneapolis, Minn.). Quantitation of total DNA was performed by Hoechst dye fluorescence assay on a DNA fluorometer (Hoefer Scientific Instruments, San Francisco, Calif.). DNA extracted from the same tissue was used for all quantitative experiments.
Quantitative PCR. Target DNA sequences were quantified by real-time PCR using the ABI PRISM 7700 Sequence Detection System (Perkin-Elmer, Foster City, Calif.). Sequence-specific primers were generated for each gene target using Primer Express software (Perkin-Elmer) and are summarized in Table 2 . PCR conditions were identical for all assays with the exception of the initial BCMV assays; both assay conditions yielded comparable results. Each PCR mixture consisted of 250 to 500 ng of DNA, 900 nM primers, 200 nM probe, and TaqMan Universal PCR 2ϫ MasterMix (Applied Biosystems, Branchburg, N.J.) containing the passive reference dye ROX in a 50-l final mixture reaction volume loaded into a 96-well plate. The PCR conditions were as follows: an initial cycle at 50°C for 2 min, 95°C for 10 min, 50 cycles of denaturation at 95°C for 15 s, and annealing/extension at 60°C for 1 min. Under these conditions, target DNA was detected with a linear dynamic range from 10 0 to 10 6 copies (data not shown). The threshold cycle, or C T , values of PCR amplification of the standards were used to generate a standard curve for the quantitation of target DNA. Samples from which reproducible amplification signals were detected at levels below the lowest standard quantitation limit are referred to as "below x copies" , with x being the lower limit of quantitative detection. Copy numbers are presented as means Ϯ standard errors of the mean SEM of at least two quantitative experiments.
Measurement of baboon and porcine CMV DNA. BCMV DNA was amplified using primers and probe designed for a 108-bp region of the immediate-early gene of rhesus macaque CMV (1) (8a) ( Table 2 ). The quantitative detection limit was 40 copies per reaction. Sequencing of the product generated by these two primers with DNA isolated from baboon lung infected with BCMV (B69-128 and B69-161) (GenBank accession number AY064547) revealed a sequence homology of 90% (nucleotide) compared with the corresponding sequence of rhesus CMV. BCMV primers and probe had no cross-reactivity with samples derived from cell cultures with known high titers of PCMV. The BCMV assay generated an amplification signal in the subquantitative range in some baboon-exposed xenografts with active PCMV infection. No correlations between BCMV and PCMV amplification signals were found.
Primers and probe specific for PCMV were derived from the PCMV strain B6 DNA polymerase gene (8) . The quantitative detection limit for this assay was 20 copies per reaction. No amplification occurred using PCMV primers with nucleic acids from baboon tissues heavily infected with BCMV. Tissues from immunosuppressed baboons exposed to pig tissues and in controls without porcine organ transplantation were studied. Using spiking experiments, sensitivity and specificity were shown to be unchanged in the presence of BCMV.
Measurement of species-specific porcine and baboon DNA. Pig major histocompatibility class I gene (pig MHC-I) primers and probe were developed as internal controls for porcine cellular DNA. Primers and probe were derived from the pig MHC-I gene ( Table 2 [ Table 2 ). Quantitative sensitivity was 25 copies per reaction. The baboon CCR5 assay was negative in control pig tissues (n ϭ 21). The pig MHC-I assay was negative for normal, control baboon tissues (n ϭ 10) except for the aorta and heart. With these tissues, a low but consistent amplification of target (below quantitation limit) could be observed.
RESULTS
CMV activation was assessed in a series of six pig-to-baboon xenotransplantation experiments. Biopsies and samples from excised xenografts and from autopsies were assessed histologically and by PCR for the presence of PCMV, BCMV, and housekeeping genes of both swine and baboon.
The clinical course for each baboon is summarized in Table  1 . Four of six baboons died with the transplant in situ with a functioning graft. Survival times of these baboons ranged from 7 to 27 days. The development of a disseminated intravascular coagulation (DIC) syndrome with thrombocytopenia, decreased serum fibrinogen, increased prothrombin (PT), and/or partial thromboplastin (PTT) times necessitated the removal of the xenografts from two other animals. In these two baboons, residual implants of pig thymic tissue in the omentum were not removed. Immunosuppression was discontinued after graftectomy in both cases, and both baboons recovered from DIC with survival times of Ͼ200 days.
BCMV. Increases in the copy numbers of BCMV and PCMV in host and donor tissues are summarized for each baboon in Table 3 . Of the four baboons which died while immunosuppressed, reactivation of BCMV was observed for three (75%) (B69-161, 69-128, and 69-222). In these baboons, upregulation was present in all tissues examined (including lung, liver, native kidney, colon, and ileum). On histological examination, inclusion bodies were detected in the lungs of two baboons (B69-161 and B69-128) (Fig. 1) .
B69-161 developed progressive respiratory failure and expired on POD 27. Histology from the baboon lung revealed evidence of a diffuse pneumonia with intracellular inclusion bodies present within the lung parenchyma (Fig. 1A) . Inclusion bodies were also evident throughout the native baboon kidney (Fig. 1B) and liver. No inclusion bodies were observed in the transplanted swine thymokidney or thymic grafts. Based on clinical and histological data, CMV infection was considered to be the cause of death in this animal. BCMV DNA was detected in a high copy number in lung and liver and at somewhat lower levels in colon and native kidney ( Fig. 2A) . This pattern corresponded to the histological findings described above.
B69-128 expired on POD 27 from cardiopulmonary arrest secondary to bacterial sepsis. This baboon had received intravenous ganciclovir (5 mg/kg of body weight/intravenously [i.v.]/ twice a day [b.i.d.]) from POD 22 to POD 27. Despite antiviral therapy, viral inclusion bodies were identified in the lung but not in other tissues. PCR analysis detected BCMV in all baboon tissues (Fig. 2B) .
In B69-222, BCMV DNA was detected at the highest copy numbers in lung (1.2 ϫ 10 5 ) and liver (5.3 ϫ 10 4 ) and in smaller amounts in kidney (3.6 ϫ 10 3 ), heart (1.4 ϫ 10 3 ), and transplanted kidney (160 copies). Histologically, no evidence of BCMV disease was found in these tissues (data not shown). In the remaining baboons, including the two long-term survi- vors after graftectomy, BCMV DNA was detectable in Ͻ40 copies in most of the tissues tested. BCMV DNA was present in all of the porcine xenografts. In two grafts (B69-161 and B69-222), BCMV was quantifiable. These two animals had high levels of BCMV in all tissues studied. Baboon-specific DNA (baboon CCR5) was also detectable in all six xenografts.
PCMV. In healthy pigs, PCMV was present in less than 100 copies per g of DNA in a variety of tissues (n ϭ 21). In particular, all tested donor pig tissues for baboons 69-128, 69-161, 69-222, and 69-144 were negative or below the detection limit at the time of transplantation. PCMV was increased in five of six xenografts (Table 3) . For one animal (69-144), the porcine thymokidney xenograft was removed on POD 15 due to DIC. This baboon recovered with normalization of coagulation parameters and without further complications. The distal ureter of this pig revealed gross evidence of hemorrhagic urothelium and histological evidence of inclusion bodies within the urothelium of the distal pig ureter (Fig. 3A) . PCMV DNA was found in high copy numbers in the pig ureter and the pig kidney (Fig. 3B) . In contrast, PCMV DNA was undetectable in a baboon lymph node biopsy taken from the same recipient at the time of graftectomy. Histologic examination of the remaining xenografts with high levels of PCMV showed no abnormalities associated with the presence of CMV. Only one xenograft did not contain high levels of PCMV DNA (B69-222). Serologic testing of serum of the pig donor for B69-222 revealed a PCMV antibody titer of 1:64.
Baboon tissues showed a wide range of levels of PCMV DNA. In three baboons, including the two long-term survivors after graftectomy, PCMV was absent or detected in low copy numbers (Ͻ20 copies). In three baboons (B81-99, B69-161, and B69-128), PCMV was present in baboon tissues in higher copy numbers. There was no histologic evidence of viral infection despite detection of PCMV in baboon tissues. In baboon 81-99, PCMV was present in high titers in the baboon liver (3.3 ϫ 10 4 copies/g of total DNA) and lung (6.0 ϫ 10 4 copies/g of total DNA) and in measurable amounts in mesenteric lymph node, colon, and native kidney (Fig. 4A) . DNA sequencing of the product amplified by PCMV primers from the lung and liver of B81-99 confirmed the presence of PCMV DNA in these tissues. PCMV was also detected in significant amounts in multiple baboon tissues from other animals ( Fig. 4B and C) . In all of the baboon tissues with detectable PCMV, pig-specific cellular DNA (porcine MHC-I) was also detected. While levels of pig MHCC1 were comparable between all the baboons, no correlation was found with the levels of PCMV in the same baboon tissues (Fig. 4A to C) .
DISCUSSION
Infection is a central concern in xenotransplantation, both due to novel agents (such as porcine endogenous retrovirus) and to known pathogens (such as CMV) (5, 7). The activation of CMV is related to the intensity of immune suppression, the amount and strain of virus, the intensity of graft rejection, and the presence of a proinflammatory state (e.g., tumor necrosis factor) (7, (17) (18) (19) . Thus, a regimen such as the one used in these studies, with T-cell depletion by antilymphocyte antisera and graft rejection, is likely to carry a significant risk of CMV activation.
We have developed a series of quantitative molecular assays for PCMV and BCMV and for the presence of porcine and baboon cellular DNA. The present study demonstrates that intense immunosuppression, possibly coupled with a xenogeneic immune response, resulted in activation of CMV in both the recipient and in the porcine xenograft. While clinically evident disease was restricted to the native host species for each virus, low levels of PCMV were detectable in baboon tissue (and vice versa). Both PCMV and BCMV species were activated and contributed to xenograft failure and recipient disease.
Immune suppression resulted in increased tissue burden of BCMV in three out of four (75%) thymokidney recipients who died while under immune suppression. Given the use of T-celldepleting regimens (including antithymocyte globulins), this is consistent with clinical observations. The reactivation of BCMV was observed in most tissues studied and contributed to the death of one animal from CMV pneumonitis. A single animal known to have active BCMV infection received ganciclovir in a therapeutic dose (5 mg/kg/i.v./b.i.d.) for 5 days. Despite therapy, BCMV inclusion bodies were present in the lung at autopsy. Prophylactic and therapeutic antivirals for BCMV and PCMV are under investigation.
PCMV was increased in five of six thymokidney xenografts, most without evidence of renal dysfunction. PCMV upregulation was associated with ureteric necrosis in one xenograft. This CMV infection resulted in hematuria and viral inclusion bodies and was accompanied by systemic coagulopathy. This coagulopathy resolved upon removal of the xenograft without specific antiviral therapy. This xenograft did not show evidence of rejection to explain the development of graft failure and coagulopathy. This suggests that PCMV infection may have contributed to DIC. However, one baboon with evidence of both humoral rejection and PCMV infection also developed DIC, which reversed upon graft removal. Thus, the relative contributions of PCMV and rejection to endothelial activation and to the DIC syndrome requires further investigation. It would be expected that PCMV infection of the graft might also contribute to the incidence of graft rejection, further enhancing endothelial activation (7) . The roles of these factors in the DIC syndrome (e.g., release of tissue factor) are under study.
All animals demonstrated porcine genomic DNA in baboon tissues and baboon DNA in the porcine xenograft. Whether this reflects infection, microchimerism, or uptake of DNA by resident phagocytic cells is unknown. Given that both PCMV and pig genomic DNA were found in baboon tissues, it is likely that there was some systemic spread of PCMV-infected pig cells (i.e., microchimerism). PCMV was also found in the peripheral blood mononuclear cell fraction of baboon blood. Thus, the risk of PCMV infection of baboon cells was increased. The PCMV and porcine cellular DNA found in baboon tissues varied in amount and ratio to a large degree. However, such data cannot distinguish between an active infection and microchimerism or passive uptake of virus. Earlier studies have suggested that CMV is relatively species specific (15) . However, recent in vitro findings of human CMV infection of porcine cells have put this conclusion into question (4) . Studies of pig-to-primate xenotransplantation offer the opportunity to study this problem directly.
Attempts at successful xenotransplantation currently require ablation of both cellular and humoral immunity. The use of composite thymokidney xenografts to "reeducate" the immune system may ultimately reduce the need for long-term exogenous immune suppression. The present study supports the need to exclude CMV from xenograft donors. In addition, antiviral agents must be identified to protect recipients from xenogeneic infection. The absence of interspecies infection due to common viruses would be a potential advantage to xenotransplantation in the form of possible protection of the grafted organ from common human pathogens. These might include human CMV, Epstein-Barr virus, other human herpes viruses, hepatitis viruses, and possibly human immunodeficiency virus. However, at present, CMV is likely to remain a significant pathogen in clinical xenotransplantation. Further studies are in progress to elucidate the potential risk of xenogeneic infection with PCMV.
